Posttranscriptional regulation in bacteria has increasingly become recognized as playing a major role in response to environmental stimuli. Aconitase is a bifunctional protein that not only acts enzymatically but also can be a posttranscriptional regulator. To investigate protein expression regulated by Helicobacter pylori AcnB in response to oxidative stress, a global proteomics study was conducted wherein the ⌬acnB strain was compared to the parent strain when both strains were O 2 stressed. Many proteins, including some involved in urease activity, in combating oxidative stress, and in motility, were expressed at a significantly lower level in the ⌬acnB strain. A bioinformatics prediction tool was used to identify putative targets for aconitase-mediated regulation, and electrophoretic mobility shift assays demonstrated that apo-AcnB is able to bind to RNA transcripts of hpn (encoding a nickel-sequestering protein), ahpC (encoding alkyl hydroperoxide reductase), and flgR (encoding flagellum response regulator). Compared to the wild type (WT), the ⌬acnB strain had decreased activities of the nickel-containing enzymes urease and hydrogenase, and this could be correlated with lower total nickel levels within ⌬acnB cells. Binding of apo-AcnB to the hpn 5= untranslated region (UTR) may inhibit the expression of Hpn. In agreement with the finding that AcnB regulates the expression of antioxidant proteins such as AhpC, ⌬acnB cells displayed oxidative-stress-sensitive phenotypes. The ⌬acnB strain has a lesser motility ability than the WT strain, which can likely be explained by the functions of AcnB on the FlgRS-RpoN-FlgE regulatory cascade. Collectively, our results suggest a global role for aconitase as a posttranscriptional regulator in this gastric pathogen.
A conitase or iron regulatory protein 1 (IRP1) in eukaryotes is known to be bifunctional (1) . The enzymatically active form of aconitase has an intact [4Fe-4S] cluster that participates in the tricarboxylic acid cycle. The [4Fe-4S] cluster is oxidized under high-oxygen or disassembled under low-iron conditions, rendering apo-aconitase, which is able to bind to mRNA transcripts and thus function as a posttranscriptional regulator (1) . Eukaryotic IRP1 binds to iron regulatory elements (IREs) that consist of stem-loop structures containing the consensus sequence "CAG UGN" in the loop and an unpaired "C" in the 5= end of the stem (2) . The IRP/IRE system is known to posttranscriptionally regulate numerous genes involved in iron metabolism (3) . IRP1 binds to IREs in the untranslated regions (UTRs) of mRNA transcripts to posttranscriptionally affect translation. If IRP1 binds to the 5= UTR, it inhibits ribosome binding and, therefore, decreases the translation of the downstream gene. If IRP1 binds to the 3= UTR, it prevents RNase degradation of the transcript, thereby providing stability and resulting in increased translation (1) .
The regulatory role of aconitase has been studied in several different bacteria, and these bacterial aconitases have been shown to bind not only to the eukaryotic consensus IRE but also to several IRE-like sequences (4) (5) (6) . In Escherichia coli, AcnA and AcnB have been shown to bind to and subsequently regulate the expression of the acnA and acnB transcripts, respectively (7) . Also, superoxide dismutase (encoded by sodB) was found to be positively regulated by AcnA and negatively regulated by AcnB (8) . In Salmonella enterica serovar Typhimurium, aconitase was shown to indirectly modulate flagellar synthesis by interacting with the protease transcript ftsH (9) . Aconitase in Bacillus subtilis (CitB) binds to the gerE transcript, a gene involved in sporulation (4) . Streptomyces viridochromogenes Tu494 AcnA binds to the recombinase A transcript (recA) and to ftsZ, a cell division gene involved in sporulation, and several additional targets for AcnA were identified in S. viridochromogenes Tu494 when cells were exposed to oxidative stress (6) . Additionally, Acn of Mycobac-terium tuberculosis binds to the thioredoxin (trx) transcript and to ideR, an iron-dependent regulator (10) .
Helicobacter pylori is a Gram-negative, microaerophilic bacterium that infects about half of the world's population and is the etiological agent of gastritis, peptic ulcer disease, and some gastric cancers (11, 12) . H. pylori is remarkable in that it is able to successfully colonize the unique niche of the stomach, where it encounters low pH and chronic oxidative stress. Large amounts of reactive oxygen species (ROS), such as superoxide (O 2 Ϫ ), and reactive nitrogen intermediates (RNIs), such as nitric oxide (NO), are released by neutrophils and macrophages during H. pylori infection. However, H. pylori is equipped with a diverse oxidant detoxification repertoire (e.g., superoxide dismutase, arginase, and peroxiredoxins) (13) and potent acid avoidance mechanisms (mainly urease) (14, 15) . H. pylori has 2 to 6 unipolar sheathed flagella that confer motility, allowing H. pylori to rapidly move in the mucous layer overlaying gastric epithelial cells (16, 17) . Flagella, urease, and antioxidant enzymes are all important factors for H. pylori colonization of its host.
H. pylori is notorious for possessing few regulatory systems. It was once thought that the stomach was a relatively stable environment, and without having competition from other bacteria, it was not necessary for H. pylori to possess an intricate regulatory system (12, 18) . However, as more evidence becomes available, it appears that H. pylori must be metabolically dynamic; its response to environmental change is multifaceted and mediated by more than one regulatory system. H. pylori possesses one copy of aconitase encoded by acnB. Recently, our laboratory demonstrated that H. pylori apo-AcnB binds to the 3= UTR of the peptidoglycan deacetylase (pgdA) transcript, resulting in transcript stability and increased PgdA expression (5) . PgdA confers lysozyme resistance and immune evasion; its expression is increased when H. pylori cells are exposed to oxidative stress or are in contact with host immune cells (19) (20) (21) (22) . AcnB plays an important role in the posttranscriptional regulation of PgdA (5) . As H. pylori lacks many of the oxidative stress response regulators found in other Gram-negative bacteria, we hypothesize that AcnB serves as a posttranscriptional regulator for many other genes. In this study, through approaches of bioinformatics prediction and proteomics, we identified additional targets for aconitase regulation, which include the histidine-rich protein Hpn, the alkyl hydroperoxide reductase AhpC, and the two-component regulatory protein FlgR. Characterization of the phenotypes of the ⌬acnB strain further supports the idea that AcnB acts broadly, contributing to the regulation of oxidative stress enzymes, expression of nickel-containing enzymes (urease and hydrogenase), as well as expression of proteins related to motility.
MATERIALS AND METHODS
Bacterial strains and growth conditions. H. pylori X47 and 43504 wildtype (WT) and ⌬acnB strains (for mutant construction and verification, see reference 5) were grown either on brucella agar (BA) (Difco) supplemented with 10% defibrinated sheep blood at 37°C under constant microaerobic conditions (2 to 4% O 2 ) or in brain heart infusion (BHI) broth (pH 6.5 for atomic absorption assays) with 0.4% ␤-cyclodextrin. Sealed bottles initially contained 5% CO 2 , 10% H 2 , 75% N 2 , and 10% O 2 and were incubated at 37°C with shaking. To maintain the mutant strain, ⌬acnB cells were cultured on BA plates with chloramphenicol (25 g/ml) every other passage.
Construction of the H. pylori acnB complementation strain. The complemented acnB ϩ strain was constructed by inserting a wild-type copy of the acnB gene into the rdxA locus of the acnB::cat chromosome. PCR products corresponding to the 3= end of the rdxA gene, the fulllength acnB gene (including the upstream sequence containing its promoter), and the 5= end of the rdxA gene were amplified in three separate PCRs and then stitched together in a subsequent PCR using the primers listed in Table 1 . The final PCR product was used to transform the X47 acnB::cat strain by selecting for metronidazole (16 g/ml)-resistant colonies. Through homologous DNA recombination, an intact acnB gene (with its promoter) was inserted at the rdxA locus of the acnB::cat strain. Protein separation and identification. H. pylori 43504 wild-type and ⌬acnB strains were each separately grown on BA plates under 12% O 2 for 72 h (oxidative stress conditions). Cells were harvested, resuspended in phosphate-buffered saline (PBS) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), and lysed via three passages in a French pressure cell. Samples were then centrifuged at 6,000 ϫ g for 10 min, and the cell extract was ultracentrifuged at 100,000 ϫ g for 3 h. The supernatant (containing soluble proteins) and pellet (containing membrane proteins) were separated, and the pellet was resuspended in PBS supplemented with 1 mM PMSF. Protein concentrations were determined by using the bicinchoninic acid assay kit (Pierce). Either 10 or 15 g of soluble or membrane proteins was loaded onto a 4 to 20% Mini-Protean TGX gel (Bio-Rad) and separated by using SDS-PAGE. For each lane, all protein bands were excised and digested with 0.5 g trypsin. Digested samples were then sent for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis according to a method described previously (23) , and the data were searched against the H. pylori 26695 database (Mascot Daemon).
Search for potential aconitase-binding patterns. Known IRE and IRE-like patterns, including CAGUG, CAGCG, GAGAG, GGGAG, CAGGG, and CUGUG (6, 24) , were used as input sequences for the Pattern Locator program (25) . The program was set to search the H. pylori 26695_uid57787 DNA sequence within the intergenic regions of the plus (default) and minus DNA strands. The STAR program (26) was used to fold the untranslated sequences, and PseudoViewer (27) was used to visualize the secondary structure.
In vitro transcription. Forward and reverse primer sets (Table 1) were designed to amplify the hpn 5= UTR (171 bp), the ahpC 3= UTR (222 bp), Electrophoretic mobility shift assays. Purified RNA targets (50 nM) were each incubated separately with purified apo-AcnB (1.5 M) (for AcnB protein purification, see reference 5) in a solution containing 10 mM Tris (pH 8.3), 20 mM KCl, and 10% glycerol with an excess of yeast tRNA for 15 min at room temperature. The experimental conditions described here were previously optimized for use with apo-AcnB and putative IRE-like targets (5) . Reaction products were resolved on a 6% nondenaturing polyacrylamide gel. The gel was placed in a phosphor screen cassette (Molecular Dynamics) and incubated overnight. The screen was scanned by using the Typhoon imager (GE Healthcare).
Urease assays. H. pylori X47 wild-type and ⌬acnB strains were grown with and without nickel supplementation (10 M NiCl 2 ), harvested, washed three times with 50 mM HEPES buffer (pH 7.5), and lysed by sonication. Protein content was determined by using the bicinchoninic acid assay kit (Pierce). Urease assays were carried out as previously described (28, 29) . Significant differences between the wild-type and mutant strains were determined by using the Student t test.
Measurement of intracellular nickel levels. H. pylori X47 wild-type and ⌬acnB cells were grown in BHI broth with 0.4% ␤-cyclodextrin supplemented with 100 M NiCl 2 . Cells were harvested, washed three times with double-distilled water (ddH 2 O), and lysed via sonication, and the protein content was determined by using the bicinchoninic acid assay kit (Pierce). Measurements of nickel levels in cell extracts were performed by using graphite furnace atomic absorption spectrophotometry (catalog number AA-6701F; Shimadzu).
Real-time quantitative PCR (qPCR). The Aurum Total RNA minikit (Bio-Rad) was used to extract total RNA from H. pylori wild-type and ⌬acnB cells grown in liquid BHI medium with and without the addition of 10 M NiCl 2 . The Turbo DNA-free kit (Ambion) was used as an additional measure to degrade any remaining DNA. cDNA was synthesized by using the iScript cDNA synthesis kit (Bio-Rad) according to the kit instructions. The iQ SYBR green supermix kit (Bio-Rad) was used for realtime PCR according to the manufacturer's protocols. Primers specific for genes of interest (Table 1 ) along with primers specific for gyrA, the internal control, were used. Relative fold changes were calculated by using the 2 Ϫ⌬⌬CT formula (30).
Hydrogenase assays. H. pylori cells (X47 wild-type, ⌬acnB, and complemented strains) were grown for 24 h on BA plates incubated in sealed jars with the BBL CampyPak system, which generated a microaerobic environment. Hydrogen uptake was measured amperometrically on whole cells with O 2 as the final electron acceptor, as previously described (31) . The Student t test was used for statistical comparisons.
Aconitase assays. The aconitase activities of cell extracts were assayed spectrophotometrically with Tris-HCl (pH 7.4) at 20°C by monitoring the formation of cis-aconitate from citrate (20 mM) at 240 nm, using a molar absorption coefficient of 3,600 M Ϫ1 . One unit of activity corresponds to 1 mol of cis-aconitate formed/min (32) . In this study, the activities are reported as nanomoles of cis-aconitate formed per minute by the cell extract derived from 10 9 cells. Air survival assays. Air survival assays were performed as described previously (33) . H. pylori cells (X47 wild-type, ⌬acnB, and complemented strains) were grown on BA plates to late log phase, harvested, and resuspended in PBS to an optical density at 600 nm (OD 600 ) of 1.3. Cell suspensions were incubated at 37°C, with shaking, under atmospheric conditions (21% O 2 ). Every 2 h (2, 4, 6, 8, and 10 h), samples were removed, serially diluted, and spread onto BA plates. Colonies were counted after 3 to 4 days of incubation under microaerobic conditions (4% O 2 ). The Student t test was used to determine any significant differences between the strains. Disk sensitivity assay. H. pylori cells (X47 wild-type, ⌬acnB, and complemented strains) were grown on BA plates, harvested, and resuspended in PBS to an OD 600 of 0.8. One hundred microliters of the bacterial suspension was spread evenly onto a BA plate, and a sterile paper disk was placed in the center. To assay peroxide sensitivity, 10 l of 0.4 M t-butyl hydroperoxide (t-BOOH) was pipetted onto the center of the disk (33) . After 3 days of incubation under microaerobic conditions (4% O 2 ), the diameter of the zone of inhibition (in millimeters) was measured.
Motility assays. H. pylori cells (X47 wild-type, ⌬acnB, and complemented strains) were grown on BA plates under microaerobic conditions (4% O 2 ). Cells scraped from the plate were used to inoculate motility agar (Mueller-Hinton broth supplemented with 10% serum and 0.4% Noble agar) and incubated for 1 week (34) . The diameter of the motility halo (in millimeters) was measured for each strain.
RESULTS
Proteomic analysis reveals differentially expressed proteins in the ⌬acnB strain compared to the WT. To investigate if AcnB regulates the expression of other proteins in response to oxidative stress, we performed a proteomics study wherein the ⌬acnB strain was compared to the WT strain grown under conditions of 12% O 2 . The protein profiles of each strain were analyzed by SDS-PAGE, followed by identification of proteins using LC-MS/MS. The identities of proteins and the relative abundance of each protein in the ⌬acnB strain versus the WT strain are listed in Table 2 . Clearly, many proteins involved in oxidative stress resistance are significantly less expressed in the ⌬acnB strain than in the WT strain. These proteins include superoxide dismutase (SodB), alkyl hydroperoxide reductase (AhpC), catalase (KatA), NADPH quinone reductase (MdaB), a thiol peroxidase (Tpx), and thioredoxin reductase (TrxR). This suggested that H. pylori AcnB plays a major role in the regulation of oxidative stress responses. Interestingly, some virulence-related factors such as the urease protein subunits UreA and UreB, the flagellum hook protein FlgE, the cag pathogenicity island protein Cag26, and the vacuolating cytotoxin VacA were also expressed at significantly lower levels in the ⌬acnB strain than in the WT strain. Some other proteins (e.g., translation elongation factor EF-Tu and several outer membrane proteins) were expressed at a higher level in the ⌬acnB strain than in the WT strain (⌬acnB strain/WT ratio of Ͼ1.6) ( Table 2 ). The proteomics results suggested that AcnB may function as a pleiotropic regulator in H. pylori.
A bioinformatics approach identifies putative targets for aconitase-mediated regulation. Using a bioinformatics tool, we identified some IRE patterns located at the 5= or 3= UTR of certain genes; these genes are putative targets for aconitase-mediated regulation. Table 3 lists the selected 15 putative target genes; some of them contain multiple IRE motifs at the 5= or 3= UTR. These genes encode proteins involved in combating oxidative stress and in DNA repair, nickel metabolism, motility, and other physiological functions. To test if these genes are real targets for AcnB-mediated regulation, we selected 3 genes (ahpC, hpn, and flgR) for electrophoretic mobility shift assays. These genes were selected as representatives that may have effects on the three major aspects of H. pylori physiology, as revealed by the proteomics analysis described above: ahpC for the oxidative stress response, hpn for nickel metabolism related to urease activity, and flgR for regulation of the flagellar gene flgE. Potential apo-AcnB-binding sites (i.e., stemloop structures of the hpn 5= UTR, ahpC 3= UTR, and flgR 3= UTR) (Fig. 1A) were predicted by using computer programs (see Materials and Methods). Radiolabeled RNA fragments (50 nM) of the hpn 5= UTR, ahpC 3= UTR, or flgR 3= UTR were incubated with and without apo-AcnB (1.5 M), and the results of gel retardation assays are shown in Fig. 1B . For all three RNA fragments, gel shifts were observed upon the addition of apo-AcnB, indicating that ahpC, hpn, and flgR are indeed targets for AcnB-mediated regulation. The 5= UTR of the human ferritin gene was used as a positive control, and binding of this probe to apo-AcnB is shown in Fig.  1C . As a negative control, a vector-only probe was used (Fig. 1C) . Collectively, these data supported the hypothesis that apo-AcnB binds to these specific targets to regulate protein expression at the mRNA level. Urease and hydrogenase enzyme activities are decreased in the ⌬acnB strain. Helicobacter pylori successfully colonizes the acidic environment of the stomach by utilizing the nickel-containing enzyme urease to maintain a neutral pH in the cell (15) , and urease has been shown to be essential for H. pylori virulence in several studies (35) (36) (37) . Proteomic studies (Table 2) revealed that the levels of the UreA and UreB protein subunits of urease were decreased in the ⌬acnB strain under conditions of 12% O 2 . UreA was previously shown to be upregulated in H. pylori in response to oxidative stress (38) . Urease activity was measured in cell extracts of wild-type and ⌬acnB strains grown with and without nickel supplementation (Fig. 2) . Under microaerobic conditions without nickel supplementation, the ⌬acnB strain had 5-fold less urease activity than the wild type. When nickel was added to the growth medium, the ⌬acnB strain had ϳ7-fold less urease activity than the wild-type strain. Since urease requires nickel for activity, we speculated that the intracellular nickel concentration was decreased in the ⌬acnB strain. A measurement of nickel levels using atomic absorption showed that the ⌬acnB strain had nearly 2-fold less intracellular nickel than the wild type under the same conditions (Fig. 2B) . This difference is statistically significant based on the Student t test (P Ͻ 0.01).
H. pylori acquires nickel through the use of FrpB4, an outer membrane Ni 2ϩ transporter that is powered by the ExbB/ExbD/ TonB complex, and possibly through a second outer membrane protein, FecA3 (39, 40) . NixA, a high-affinity permease, transports Ni 2ϩ across the cytoplasmic membrane (41) . Once inside the cell, nickel is sequestered and stored by Hpn, a histidine-rich protein (42, 43) . It is well established that nickel homeostasis is maintained via the nickel-responsive transcriptional regulator NikR through its interaction with many genes, including fecA3, nixA, and frpB4; however, other NikR-independent regulation mechanisms have also been implied (40, 44, 45) . We performed qPCR analysis on some of the genes involved in nickel metabolism to assess if there were any genes that could account for the differences seen in intracellular nickel levels between the wild-type and ⌬acnB strains (Fig. 3) . Under conditions without added nickel, the nickel transporters fecA3, nixA, and frpB4 were downregulated in the ⌬acnB strain 2.5-, 2-, and 6-fold, respectively, compared to the levels in the wild type. When 10 M nickel was added, the levels of all three transcripts in the ⌬acnB strain were similar to those in the wild-type strain. These results suggest a nickel-dependent regulatory role for AcnB in modulating the expression of these genes. Interestingly, the hpn transcript was upregulated 1.6-and 2.6-fold in the ⌬acnB strain when 0 M nickel and 10 M nickel were added, respectively. Hydrogenase is another nickel-dependent enzyme that was shown to be important for energy conservation and host colonization (46, 47) . To test if hydrogenase was also affected by the aconitase deletion, we measured hydrogenase activity in the ⌬acnB strain compared to the wild type under microaerobic conditions. To ensure that the observed phenotypes are completely attributed to the aconitase deletion, we introduced a functional copy of the acnB gene back into the ⌬acnB strain for complementation. We also measured aconitase activity for this strain as a control. As shown in Table 4 , the ⌬acnB strain had no detectable aconitase activity, while the acnB complementation restored the aconitase activity to the wild-type level. The hydrogenase activity of the ⌬acnB strain was 46% of that of the wild type (Table 4) .
Collectively, these data show that the ⌬acnB strain has decreased nickel levels, and this may contribute to decreased urease and hydrogenase activities. This may be partly due to a decrease of nickel import in ⌬acnB cells, as shown by qPCR analysis of fecA3, nixA, and frpB4. Also, the nickel-sequestering activity of Hpn may contribute to decreased intracellular nickel levels (43) . Our bioinformatics search revealed that the 5= UTR of the hpn transcript contains the consensus IRE pattern, and the results in Fig. 1 show that it is a target for apo-AcnB binding, suggesting a role for aconitase in mediating the expression of hpn. Binding of apo-AcnB to the 5= UTR may inhibit the expression of Hpn, leading to increased levels of intracellular nickel in the wild type. Such increased nickel levels may partially be responsible for the observed increased urease and hydrogenase activities in the wild type, since both proteins require nickel ions and play a significant role in Helicobacter pylori physiology. Aconitase contributes to oxidative stress defense. H. pylori possesses a diverse repertoire of antioxidant proteins to combat toxic reactive oxygen species (ROS) and reactive nitrogen intermediates (RNIs) that are produced from neutrophils and macrophages as part of the host inflammatory response (13, 48, 49) . ROS and RNIs can cause damage to bacterial macromolecules, including DNA, proteins, and lipids. One of the H. pylori antioxidant proteins is thioredoxin-dependent alkyl hydroperoxide reductase (AhpC). Along with Trx1 and TrxR, AhpC detoxifies lipid hydroperoxide (LOOH) as well as hydrogen peroxide (H 2 O 2 ) and t-butyl hydroperoxide (t-BOOH) (50) . The proteomic data (Table 2) revealed that under conditions of oxidative stress, the levels of several detoxification proteins, including AhpC, were increased in the wild type but decreased in the ⌬acnB strain. From our bioinformatics search, we identified an IRE-like pattern in the 3= UTR of the ahpC transcript and in the 3= UTR of the tpx transcript ( Table 3 ), suggesting that apo-AcnB may directly regulate the expression of these proteins, particularly under conditions of oxidative stress. Electrophoretic mobility shift assays revealed that apoAcnB is in fact able to bind to the 3= UTR of ahpC (Fig. 1) . These results suggest that upon increased exposure to oxidative stress, apo-AcnB binds to the 3= UTR to stabilize ahpC mRNA, leading to increased expression and a more robust response to ROS detoxification.
To further characterize the effect of oxidative stress on the ⌬acnB strain, we performed an air sensitivity assay by exposing H. pylori cells to atmospheric oxygen (21% O 2 ) for 10 h. Every 2 h, cells were removed, diluted, and plated for counting numbers of surviving cells (Fig. 4A) . Four hours after cells were exposed to air, the number of surviving ⌬acnB cells started to decrease at a rate much higher than that for wild-type cells. No ⌬acnB cells were recovered after 10 h of air exposure, whereas considerable numbers of wild-type cells were recovered. The sensitivity of the complemented strain to oxygen stress conditions was similar to that of the wild type. Additionally, we performed a disk assay with 0.4 M t-BOOH (Fig. 4B) . The ⌬acnB strain exhibited a larger zone of inhibition than that of the wild type, which was statistically significant (P Ͻ 0.01) according to the Student t test, indicating that the ⌬acnB strain is more sensitive to t-BOOH than the wild type. acnB complementation restored t-BOOH sensitivity to the wild-type level.
Aconitase binds to the flagellum response regulator flgR. Motility is an essential factor for H. pylori colonization (17) . The structure of bacterial flagella is complex and has a highly ordered assembly process (51) . H. pylori regulates the transcription of flagellar genes by using all three of its sigma factors, RpoD ( 80 ), RpoN ( 54 ), and FliA ( 28 ) not yet been explored. Our proteomic studies (Table 2) revealed that the level of the RpoN-dependent protein FlgE was decreased in the ⌬acnB strain compared to the wild type. However, our bioinformatics search did not reveal any IRE-like patterns in the flgE transcript. Instead, three IRE-like binding patterns were found in the flgR transcript (Table 3) . It is known that transcription of the RpoN-dependent genes (including flgBC, flgE, and flaB) requires activation by the two-component system FlgRS (52) . Phosphorylation from the sensor kinase FlgS to the response regulator FlgR activates the expression of the RpoN regulon (53, 54) . We therefore performed electrophoretic mobility shift assays with apo-AcnB and the radiolabeled 3= UTR of flgR (Fig. 1) . From these results, we concluded that upon binding of apo-AcnB, the flgR transcript is stabilized, which in turn positively influences the transcription of RpoN-dependent flagellar genes. We assessed the motility of the ⌬acnB strain compared to those of the wildtype and complemented strains. The three strains were stab inoculated onto soft agar plates and incubated for 1 week to examine motility haloes (Fig. 5A) . The wild-type and complemented strains formed motility haloes that were ϳ7 mm in diameter, whereas the mean diameter of the motility haloes for the ⌬acnB strain was 4 mm (Fig. 5B) . These results indicated that the ⌬acnB strain has decreased motility compared to that of the WT strain.
DISCUSSION
This study revealed that deletion of acnB results in pleiotropic effects in H. pylori, supporting the hypothesis that aconitase functions as a global posttranscriptional regulator. Other studies support the notion that posttranscriptional regulation in H. pylori may play a major role in regulating the response to environmental changes (55) (56) (57) . Our study revealed that deletion of acnB has significant effects on both urease and hydrogenase activities, the oxidative-stress-combating repertoire, and motility. Using a bioinformatics search followed by confirmation by gel shift assays, we demonstrated that apo-AcnB is able to bind to the hpn, ahpC, and flgR transcripts. Among our proteomic data, it was interesting that the levels of the urease proteins UreA and UreB were decreased in the ⌬acnB strain compared to the wild type since urease is a key enzyme involved in host colonization; however, no putative IRE-like sequences were found in either the ureA or ureB transcript. We therefore hypothesized that the effect of aconitase on urease expression was indirect. Since nickel is an essential metal required for urease (and hydrogenase) activities, we decided to measure intracellular nickel levels and found that, indeed, nickel levels were decreased in the ⌬acnB strain. Moreover, our bioinformatics search revealed that hpn contains an IRE-like sequence in its 5= UTR. These data led us to propose that AcnB was influencing urease protein expression and activity indirectly through its inter- a H. pylori cells were harvested at late log phase and suspended in PBS. Cell extracts were prepared from the suspension. Hydrogenase assays were performed on whole cells, and the activities are reported as nanomoles of H 2 oxidized per minute per 10 9 cells. Aconitase assays were performed with cell extracts, and the activities are reported as nanomoles of cis-aconitate formed per minute per 10 9 cells. The data are averages from 3 independent experiments and standard deviations. The enzyme activities in the mutants are compared to those in the WT to give percent relative activities. The activities of both enzymes in the ⌬acnB strain are significantly lower (P Ͻ 0.01) than those in the WT, as analyzed by the Student t test. action with hpn. This was confirmed by gel shift analyses demonstrating the binding of apo-AcnB to the hpn 5= UTR. From our qPCR analysis of genes involved in nickel metabolism, we found that there is some nickel-dependent regulation of fecA3, nixA, and frpB4 by AcnB. Under conditions without added nickel, there are decreased abundances of these three transcripts in the ⌬acnB strain compared to the wild type, but when nickel is added to the medium, there is a loss of this regulation. The consensus IRE sequence is found near the 3= end of the coding region of frpB4, indicating a possible role for posttranscriptional regulation of this gene by AcnB, but no other IRE or IRE-like sequences were found in either fecA3 or nixA. Under certain environmental circumstances, such as oxidative stress, it may be advantageous for the cell to employ aconitase in regulating nickel-dependent genes. Further experimentation is necessary to determine the effect of AcnB on these transcripts. Since aconitase has been shown to posttranscriptionally regulate a variety of genes in response to oxidative stress (6, 8) , we were interested in determining if aconitase regulates proteins directly involved in the oxidative stress response in H. pylori. By exposing cells to 12% O 2 , we hoped to reveal some novel targets for aconitase-mediated modulation. Indeed, the levels of many of the ROS defense proteins, including SodB, KatA, and AhpC, were altered in the ⌬acnB strain compared to the wild type. The bioinformatics data support an aconitase-ahpC transcript connection in that the latter contained an IRE-like sequence in the 3= UTR. Gel shift analysis then revealed that apo-AcnB binds to this target, and additional studies, including air survival and disk assays, demonstrated the oxygen-sensitive phenotype of the ⌬acnB strain.
Furthermore, our work revealed that motility is impaired in the ⌬acnB strain compared to the wild type. We found that the expression level of the flagellar hook protein FlgE, which has been shown to be required for motility (58) , was significantly decreased in the ⌬acnB strain. In S. enterica serovar Typhimurium, deletion of acnB also results in decreased motility (9). In the above-mentioned study, Tang et al. found that apo-AcnB binds to the ftsH transcript, encoding a cellular division protein, to indirectly regulate the expression of the flagellum protein FliC. Our proteomic data for H. pylori (Table 2) did not reveal any difference in FtsH protein abundances between the wild-type and ⌬acnB strains, and no IRE-like patterns were found in the H. pylori ftsH transcript (Table 3) . Also, our bioinformatics search did not reveal any IRElike sequences in flgE but revealed patterns in flgR and flaB (Table 3) . Since FlgE is part of the FlgRS-RpoN regulatory cascade, we decided to pursue gel shift experiments with the flgR UTR. . Samples were removed at the times indicated on the x axis and were used for plate count determinations upon incubation in a 4% oxygen environment. The data are the means of data from three experiments and standard deviations. Symbols: squares, wild type; triangles, ⌬acnB strain; circles, complementation strain. Based on statistical analysis (Student's t test), the cell survival differences between the WT and the ⌬acnB strain are significant (P Ͻ 0.01) for the 6-, 8-, and 10-h data points. (B) Disk sensitivity assay. Zones of inhibition around filter paper disks saturated with 10 l of 0.4 M t-BOOH were measured. Results shown are the means from three independent determinations and standard deviations. According to the Student t test, the difference between the WT and ⌬acnB strains is significant (P Ͻ 0.05). Based on the data presented in this study, a putative model for aconitase-mediated regulation in response to oxidative stress in H. pylori is proposed (Fig. 6) . Upon exposure to oxidative stress, the [4Fe-4S] cluster of AcnB is oxidized to form apo-AcnB, which then binds to target mRNAs. We have found that apo-AcnB binds to the ahpC 3= UTR to posttranscriptionally increase AhpC expression, resulting in a more robust ROS response. Apo-AcnB binds to the hpn 5= UTR, thereby blocking the translation of the gene and resulting in decreased Hpn expression. This in turn leads to increased intracellular nickel levels (due to the decreased nickelsequestering activity of Hpn) and increased urease and hydrogenase activities, which are nickel dependent. Finally, apo-AcnB was found to bind to the flgR 3= UTR, increasing transcript stability and expression and leading to an increase in FlgE expression via RpoN. It seems that aconitase posttranscriptionally regulates multiple targets and that this involves both direct and indirect (pleiotropic) targets. It seems likely that the transcripts would be targeted in a hierarchal manner. Further exploration of some of the other identified putative targets is necessary to gain more comprehensive knowledge of how aconitase influences the physiology, persistence, and adaptability of Helicobacter.
